The effects of mixed herbicides in soils may differ due to interactions. Since adsorption amounts and ratios change nonlinearly with herbicide concentrations, it is necessary to control the total number of moles of a herbicide in solution to estimate its interactions and competitive adsorption in soils. Under experimental conditions, a method was utilized based on the amount of each herbicide adsorbed when the herbicide's molecular ratio was 100%. When atrazine and linuron were applied to soils, they did not compete in terms of adsorption.
INTRODUCTION
Herbicides differ chemically and thus, adsorb to soils in different ways. 1) To understand the mechanisms of herbicide adsorption on soils, researchers have examined different herbicides. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The major focus of these studies has been adsorption and desorption. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Mixed herbicides are applied to soils as a method of weed control in fields. However, the effects of the herbicides may differ with their interactions with the soil and with each other. Although a necessary component of modern agricultural systems, herbicides can pollute the environment. Therefore, it is important to understand their behavior in different soils.
We have previously reported methods for predicting the amounts of atrazine and linuron adsorbed in soils. 19, 20) Competitive adsorption of herbicides is an important problem when considering the usefulness of these methods. Previous studies have examined the competitive adsorption of herbicides on soils. Using columns of soil, Tan and Singh 21) showed that the leaching of bromacil and norflurazon decreased when these compounds were sprayed together with other herbicides. McGinley et al. 22) estimated breakthrough curves of terachloroethylene and trichlorobenzene after mixing the herbicides in soil columns. When mixed, terachloroethylene and trichlorobenzene adsorption isotherms become looser due to competition for sites of adsorption between the two herbicides. Turin and Bowman 23) studied competitive adsorption among bromacil, napropamide and prometryn, by saturating other herbicides to 50% of their maximum adsorbed amounts. They found that the amounts of bromacil and napropamide adsorbed decreased in the presence of other herbicides, while the adsorption of prometryn was unaffected. Although previous studies found that some herbicides competed for adsorption, no standard method for estimating competitive adsorption has been established. Also, previous studies could not sufficiently analyze competitive adsorption of herbicides by soils. Adsorption amounts and ratios change nonlinearly with the herbicide concentration. In soil, the molecular amount of herbicide in a solution affects the nonlinear adsorption of the herbicide. To estimate interactions and competitive adsorption of herbicides in soils, it is necessary to control the total number of moles of each herbicide in solution.
The objectives of this study were to investigate competitive adsorption of herbicides on soils using the same number of moles of in solution, and to establish a method for estimating competitive adsorption of herbicides to soils.
MATERIALS AND METHODS

Herbicides
Atrazine and linuron were used as adsorbates (Fig. 1) . Atrazine is a white powder with a melting point of 171 to 174°C and water solubility of 70 ppm at 25°C. 24) Linuron is a white powder with a melting point of 93 to 94°C and water solubility of 75 ppm at 25°C. 24) The two high-purity herbicides (98.7 and 99.9%, respectively) were purchased from Wako Pure Chemical Industries, Ltd. (Japan). Although similar in molecular weight and water solubility, the organic carbon adsorption coefficient (K OC ) of linuron is higher than that of atrazine ( Fig. 1 ).
Soils
Three Andisols (A-1, A-2, and A-6), 2 Inceptisols (I-6 and I-10), and 3 Entisols (E-1, E-5, and E-7) were used for estimating the competitive adsorption of atrazine and linuron. The soil samples were collected from A or Ap horizons because herbicides are usually scattered on the surface. Andisols and Entisols were cultivated. The physico-chemical characteristics of the soils are listed in Table 1 . The quantity and quality of organic matter found in soils affect the adsorption of herbicides. The total carbon content of the soils ranged from 12.0 to 93.7 g kg Ϫ1 .
The soil samples were air-dried and sieved (2.0 mm). They were analyzed for soil physico-chemical properties and used for adsorption experiments with atrazine and linuron. The physico-chemical analyses covered pH (1 : 5 soil/H 2 O, w/v ratio), electrical conductivity (EC, 1 : 5 soil/H 2 O, w/v ratio), total carbon (TC), total nitrogen (TN), particle size distribution, exchangeable cations, and cation exchange capacity (CEC, pH 7.0). Effective CEC (ECEC) was calculated by adding exchangeable sodium, potassium, calcium, magnesium and aluminum.
Adsorption Experiments
The adsorbed amount and ratio of herbicide adsorbed on soil differ with the concentrations applied. Different concentrations of prepared herbicide solutions result in different molecular numbers of herbicide in the solution. Therefore, to estimate the interaction or competition between two herbicides, the total molecular number in solution should be the same. For atrazine and linuron, atrazine's molecular number was set at 0, 28, 54, 78, and 100% of the total molecular number in solution (Fig. 2) . Three concentrations (50, 100, and 200 mmol l
Ϫ1
) of herbicide were used. Ten grams of soil and 20 ml of 0.01 M CaCl 2 solution containing the herbicides (1 : 2 soil/solution, w/v ratio) were placed in a 50 ml Teflon centrifuge tube, sealed with a Teflon screw cap. Suspensions were shaken at 25Ϯ2°C for 24 hr on a reciprocating shaker at 60 rpm and centrifuged at 1500ϫg for 15 min. Equilibrium concentrations of atrazine and linuron were determined by HPLC with the supernatant. The analytical conditions for HPLC were as follows; Wakopak Wakosil column, 150 mm longϫ4.6 mm i.d.; column packing, C18; flow rate, 1 ml/min; elution system, 60 : 40 (v : v) acetonitrile-water; UV detection, 254 nm. The amounts of atrazine and linuron adsorbed by the soils were estimated as the difference between the initial and final equilibrium concentrations. Vol 
RESULTS AND DISCUSSION
Amounts of Atrazine and Linuron Adsorbed on Soils
The amounts of atrazine and linuron adsorbed are shown in Fig.  3 . The total amount adsorbed increased with the initial concentration of the solution from 50 to 200 mmol l
Ϫ1
. When molar ratio of atrazine increased, the amount of atrazine adsorbed increased, and the amount of linuron adsorbed decreased. Therefore, more linuron than atrazine was adsorbed by the soils. The three-dimensional structure, charge density, and dipole moments of atrazine and linuron were calculated with MOPAC97, 25) and visualized with Win MOPAC Ver. 2.1., 26) to clarify the difference in adsorption. Although MOPAC97 is a semi-empirical method, it is useful for comparing differences in molecular structures under the same conditions. Atrazine and linuron were polarized as shown in Fig.  4 . The soil surface was electronegatively charged, and atrazine and linuron could adsorb on the soil surface at two points and one point, respectively. Since the dipole moment of linuron was larger than that of atrazine, linuron could access the soil surface more easily. By calculating molecular structures with a computer, it was confirmed that more linuron than atrazine was adsorbed.
Method for Estimating Competitive Adsorption of Atrazine and Linuron on Soils
To investigate the competitive adsorption of the herbicides on soils, a method was utilized based on adsorbed amounts of each herbicide when the herbicide molecular ratio was 100%. In the case of atrazine, the equation was as follows; extrapolated value of adsorbed amount of atrazineϭ(adsorbed amount of atrazine when the atrazine molecular ratio was 100%)ϫ(ratio of atrazine amount against total herbicide amount in the initial solution). The extrapolated value of the adsorbed amount of linuron was calculated in the same way of atrazine extrapolation. Sums of the atrazine and linuron extrapolations were compared with actual measurements obtained from adsorption experiments (Fig. 5) . The dashed lines in Fig. 5 indicate where the extrapolated values overlap the measured values completely. Plots appearing over or under the dashed lines suggest competitive adsorption between atrazine and linuron. The plots in Fig. 5 were on the dashed lines for all soils, and therefore, atrazine and linuron did not compete for adsorption on soils. This method was easy to understand and useful for estimating competitive adsorption. There are two possible reasons why no competition occurred between atrazine and linuron. Either the number of adsorption sites on the soil surface was much larger than the molecular number of the herbicides, or atrazine and linuron were not adsorbed as monolayers, that is, herbicide molecules might adsorb on the surface which were made after herbicide molecules adsorbed on soil surface.
